
Supplementary Information 

COLA Protocol 

Lysis and Restriction Digest 

1) Resuspend 10M formaldehyde-crosslinked cells in 500µl of ice-cold Hi-C lysis buffer 

(10mM Tris-HCl pH8.0, 10mM NaCl, 0.2% Igepal CA630) with added 100µl of 

protease inhibitors (Sigma, P8340).  

2) Incubate cell suspension on ice for >15 minutes. Centrifuge at 2500xG for 5 minutes. 

Discard the supernatant. 

3) Wash pelleted nuclei once with 500µl of ice-cold Hi-C lysis buffer. 

4) Gently resuspend pellet in 50µl of 0.5% sodium dodecyl sulfate (SDS) and incubate 

at 62°C for 5-10 minutes. 

5) After heating is over, add 145µl of water and 25µl of 10% Triton X-100 (Sigma, 

93443) to quench the SDS. Mix well and incubate at 37°C for 15 minutes. 

6) Add 25µl of 10X CviJI reaction buffer and dimethyl sulfoxide (DMSO) to 10% final 

concentration.  

7) Digest chromatin with 200U of CviJI restriction enzyme (Chimerx, 2125) for 4 hours 

at 37°C. 

 

Proximity Ligation and Crosslink Reversal 



8) Incubate at 65°C for 10 minutes to inactivate CviJI, then cool to room temperature. 

9) Set aside 20% of the library to be used as pre-ligation control and store it at 4°C.  

10) Add 900µl of ligation master mix: 

663µl of water 

120µl of 10X NEB T4 DNA ligase buffer (NEB, B0202) 

100µl of 10% Triton X-100 

12µl of 10mg/ml Bovine Serum Albumin (100X BSA) 

5µl of 400 U/ µl T4 DNA Ligase (NEB, M0202) 

11) After ligation is over, pellet nuclei by spinning at 2500xG for 5 min. Discard the 

supernatant and re-suspend the pellet in 250-500µl of 1% SDS in 1X Tris buffer (10 

mM Tris-HCl, pH 8). 

12) Degrade proteins by adding 50µl of 20mg/ml proteinase K (NEB, P8102) and sodium 

chloride to 0.5M final concentration. Incubate at 55°C for 15-30 min with mixing. 

13) Process in parallel the restricted “pre-ligation” control (step 14), adjusting all reagent 

volumes used in step #19 to the same final concentration as for the ligated chromatin. 

14) Reverse crosslinks by incubating at 68°C overnight. 

15) Cool tubes at room temperature. To precipitate DNA, add to each tube 2X volumes of 

pure ethanol. Mix by inverting and incubate at -80°C for 15 minutes. 

16) Centrifuge at max speed, 2°C for 15 minutes. Keep the tubes on ice after spinning and 

carefully remove the supernatant by pipetting. 



17) Resuspend pellet in 800µl of 70% ethanol. Centrifuge at max speed for 5 minutes. 

18)  Remove all supernatant and dissolve the pelleted pre-ligation control and ligated 

library in 10µl and 50µl respectively of 1X Tris buffer with added 1µl RNaseA (Life 

Technologies, 12091-039). Incubate at 37°C for 15min. 

 

Concatemer Selection  

19) Prepare 1% agarose gel in 1X Tris-acetate EDTA (TAE) buffer using low-melting 

point SeaPlaque GTG agarose (Lonza, 50111) 

20) Mix DNA samples with gel-loading buffer in the recommended ratio. Load 1kb NEB 

Quickload ladder (NEB, N0468); pre-ligation control in a single well; and the entire 

volume of ligated library split in 4-5 wells.  

21) Run gel in 1X TEA buffer for 2 hours at 100V. 

22) Stain the gel with SYBR green for 20 min and visualize DNA. Restricted chromatin 

should be under 3kb in size. 

23) Under UV light, excise fragments in the range 5-10kb from the gel lanes containing 

ligated library. 

24) Transfer excised gel pieces to labeled tubes and equilibrate DNA-containing agarose 

slices by submerging them in 2 volumes of 1X β-Agarase I buffer (NEB, M0392) for 

30 minutes at room temperature. 



25) Remove the buffer and melt the agarose by incubation at 68°C for 10 minutes. 

Reduce temperature to 42°C and equilibrate liquid agarose for 15 min.  

26) Digest agarose with 1 unit of β-Agarase I per 100ul of molten agarose at 42°C for 1 

hour. 

27) Adjust the salt concentration of the β-Agarase I treated solution for ethanol 

precipitation of DNA by adding 0.1X volumes of 3M sodium acetate, pH 5.2. 

28) Incubate on ice for 10 minutes and centrifuge at max speed for 15 minutes to pellet 

any remaining undigested carbohydrates. 

29) Transfer DNA-containing supernatant to a new tube. Precipitate DNA by addition of 

2X volumes of ethanol. 

30) Mix thoroughly, incubate at -80C for 15min and centrifuge at max speed for 15 

minutes. Discard the supernatant. 

31) Resuspend pellet in 800µl of 70% ethanol. Centrifuge at max speed for 5 minutes and 

discard the supernatant. 

32) Dissolve the pellet in 130µl of 1X Tris buffer (10 mM Tris-HCl, pH 8) 

33) To make the DNA suitable for high-throughput sequencing using Illumina 

sequencers, shear to a size of 300-500bp using the following parameters: 

Instrument: Covaris LE220 (Covaris, Woburn, MA) 

Volume of Library: 130µl in a Covaris microTUBE 

Fill Level: 10 



Duty Cycle: 15 

PIP: 500 

Cycles/Burst: 200 

Time: 58 seconds 

34) Transfer sheared DNA to a fresh tube. Run a 1:5 dilution of DNA on a 2% agarose 

gel to verify successful shearing. 

35) Prepare library for Illumina sequencing following Illumina’s TruSeq® DNA Sample 

Preparation Guide1 or comparable protocol. 

 

TALENs.  

TALENs were assembled using FLASH essentially as described (1). Activity at the proximal and 

distal inverted repeat sequence was assessed using the Surveyor assay (Transgenomic) (2) with 

oligonucleotide sequences CAACCCCACAGGGAGAACT and 

ACTTTCATTTTCAGGTCAGAC for the proximal side, and CTTTTCTTCTCAGGTTACAGT 

and TCAATCACACAAGGGAAATGC for the distal side. 

 

CRISPR/Cas9.  

Suitable gRNA targets were identified using Optimized CRISPR Design (http://crispr.mit.edu) 

and cloned into pSpCas9(BB)-2A-GFP (PX458) as directed (3). pSpCas9(BB)-2A-GFP (PX458) 

was a gift from Feng Zhang (Addgene plasmid # 48138). Oligonucleotides were obtained from 

Eurofins Genomics. 

																																																													
1	Illumina, Inc. TruSeq DNA Sample Preparation Guide. 2012. Part # 15026486 Rev. C. www.illumina.com 
	



 

Isolation and characterization of RPE1-ΔDXZ4a and RPE1-ΔDXZ4i. 

TALEN expression constructs were introduced into hTERT-RPE1 cells (Clontech Laboratories, 

No. C4000-1) using a 4D-NucleofectorTM (Lonza Group Ltd.). Twenty-four hours post-

Nucleofection, cells were seeded to 24-well plates at a density of 25 cells/well. At 50% 

confluence, 50% of cells from each row were pooled and genomic DNA isolated before 

screening for deletion of DXZ4 using oligonucleotides CAACAGCAATTTCAGTAAGGTG and 

GATCTGGTCAAAATCAGAGAT. Genomic DNA was isolated from cells in individual wells 

of positive rows and re-screened for DXZ4 deletions. Cells from positive wells were then seeded 

into 96-well plates at a density of 0.25 cells/well. Screening of pooled rows was performed as 

above. TA cloning and sequencing the deletion PCR product determined the exact nature of the 

DXZ4 deletion for RPE1-ΔDXZ4a and RPE1-ΔDXZ4i. Assignment of the deletion to Xa or Xi 

was achieved by FISH analysis on metaphase chromosomes using a direct-labeled DXZ4 probe 

(Spectrum Red, Abbott Molecular) in combination with a second X-linked direct-labeled BAC 

probe (Spectrum Green, Abbott Molecular). hTERT-RPE1 has an X:10 translocation on Xa at 

Xq28 making Xq substantially longer on Xa compared to Xi. The karyotypically normal X is Xi 

in all cells (4). Metaphase chromosome preparation and FISH were performed essentially as 

described previously (5). A pair of gRNAs (CCAGCGAAGACCTTACTCAA and 

GCCCTTTAAGCACCTACGAC) were cloned into pX458 and introduced into hTERT-RPE1 as 

above. Seventy-two hours later, GFP positive cells were collected using a BD FACSAria SORP 

flow cytometer and manually seeded at a density of 1 cell every 3-wells in 96-well plates. 

Screening for deletion of DXZ4 used oligonucleotides CGTCAGGCATACAGATGATAC and 

GATTCTACCGAGCAACTGGC. Assignment of deletion to Xa or Xi took advantage of dbSNP 



rs2301953 that resides within the deletion. DNA from deletion clones was amplified using 

oligonucleotides ATTCTTTCAGCCCTCACCTC and ACAAACCCTGATCTCGTGTC, and 

PCR products sequenced. Xa allele = G, Xi allele = C. Metaphase chromosomes were prepared 

as described previously (6). EdU was added to cell culture media to 10µM for 3 hours before 

addition of 25ng/ml KaryoMAX Colcemid for an additional hour. Metaphase chromosome 

preparation was performed as described previously (5). Detection of EdU incorporation used the 

Click-iT EdU Alexa Fluor 555 imaging kit from Thermo Fisher Scientific according to the 

manufacturer’s recommendations.  

 

In Situ Hi-C Protocol. 

We performed 20 in situ Hi-C experiments (Supplementary Table S1) as described previously 

(7).  

 

DNA & RNA FISH. 

Three-color DNA FISH was performed on B-Lymphocyte cell lines GM12878 and GM06992 

that were obtained from the Coriell Institute for Medical Research. Direct-labeled probes were 

prepared by nick translation and included BAC clones 2272M5 for DXZ4 (Alexa Fluor 647, 

Invitrogen Corporation), RP11-754H22 for FIRRE (Spectrum Green, Abbott Molecular) and 

RP11-818I17 for ICCE (Spectrum Red, Abbott Molecular). DNA FISH was performed 

essentially as described (8). Imaging was performed on an Olympus IX71 operated by the 

DeltaVision pDV, deconvolved with softWoRx 5.5.1 (DeltaVision), and compiled using Adobe 

Photoshop CS6 (Adobe Systems). Deconvolved images were corrected for chromatic aberration 

through the use of 100nm TetraSpeck Microspheres according to the manufacturer’s instructions 



(ThermoFisher Scientific). In order to score for overlap, signal levels for each channel were 

reduced to a single pixel and distance between pixels was determined using the measure function 

in softWoRx. Contact was scored positive if two signals were within 300nm in a projected image 

and within 3 z-stacks based on the range of chromatic aberration determined with the TetraSpeck 

Microspheres. Contact between two pairs was considered positive for 3-way contact. RNA FISH 

was performed using a direct-labeled XIST probe (Spectrum Red, Abbott Molecular) combined 

with direct-labeled BAC clones (Spectrum Green, Abbott Molecular) as described previously (8). 

 

RNA-Seq. 

Total RNA was isolated using the NucleoSpin RNA kit according to the manufacturers 

recommendations (Machery-Nagel). RNA quality was assessed on a Bioanalyzer 2100 (Agilent 

Technologies) and quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). RNA-

Seq libraries were constructed in triplicate using 500ng of total RNA with the NEBNext Ultra 

Directional RNA Library Kit for Illumina, the NEBNext poly(A) mRNA Magnetic Isolation 

Module was used for isolation of polyadenylated mRNA and multiplexing used the NEBNext 

Multiplex Oligo for Illumina set (New England Biolabs). Libraries were assessed with a 

Bioanalyzer 2100 (Agilent Technologies) and qPCR using the Illumina Library Quantification 

kit (Illumina). Pooled libraries were loaded onto two lanes of an Illumina HiSeq 2000 for Rapid 

Run 2x100bp paired-end sequencing.  

 

To perform allele-specific analyses, fastqs were first aligned to hg19 using STAR. The aligned 

reads were then split into maternal or paternal reads using our standard human diploid pipeline. 

We used kallisto (indexed to GRCh37 cdna) to calculate transcript abundances on the maternal 



and paternal allele of each sample. Differential expression of transcripts was evaluated using 

EdgeR, using all three samples from the two cell lines. In Supplementary Table S3, we report 

significant transcriptional changes on the Xi between RPE1-WT and RPE1-ΔDXZ4i 

(significance required a fold change of at least 2 and an FDR less than 0.05.) 

 

Immunofluorescence. 

Indirect immunofluorescence was performed essentially as described previously (5). Rabbit anti-

H3K27me3 (07-449) was obtained from EMD Millipore. Rabbit anti-H3K9me3 used for 

metaphase analysis (07-523) was obtained from EMD Millipore, whereas interphase analysis 

used rabbit anti-H3K9me3 from Active Motif (39161). Direct immunofluorescence utilized the 

Zenon Alexa Fluor 555 Rabbit IgG labeling kit from Thermo Fisher Scientific according to the 

manufacturer’s recommendations. Conjugate secondary antibodies (Alexa-Fluor®) were obtained 

from Life Technologies Corporation. DNA was counterstained using the VECTASHIELD® 

mounting medium with DAPI from VECTOR Laboratories. Imaging was performed as described 

above. Metaphase chromosome immunofluorescence was performed on samples prepared by 

Cytospinning as described previously (6). 

 

DXZ4 Xa and Xi allele size determination. 

Pulsed field gel electrophoresis, Southern blotting, hybridization and detection were performed 

essentially as described previously (9). Determining the size of Xa and Xi DXZ4 alleles was 

achieved by comparing the size of hybridizing bands obtained for XbaI digested plugs from 

parental hTERT-RPE1 and a somatic cell hybrid that contains hTERT-RPE1 Xa as its only 

human chromosome.  



 

Hi-C Data Pipeline. 

Read files were processed as described (7). Reads for the human, mouse, and macaque cell lines 

were aligned to hg19, mm10, and rheMac2, respectively.  

 

Diploid Hi-C Pipeline. 

Phased data for GM12878 was obtained from (7). 

 

To phase chrX in RPE1, we first used the Hi-C reads from all three libraries (RPE1-WT, RPE1-

ΔDXZ4a, and RPE1-ΔDXZ4i) to call SNPs using GATK. We then obtained unpublished whole 

genome amplification data of two cells which both were monosomic for chrX (courtesy of 

Cheng-Zhong Zhang, (10)). The aligned reads from these cells were used as input to GATK’s 

Unified Genotyper, along with our list of SNPs. All SNPs which were found in the monosomic 

cells were phased to the first allele, and the alternate variant at these locations was assigned to 

the second allele.  

 

The Patski cell line is a female mouse embryonic kidney fibroblast obtained from a Mus spretus 

x C57BL/6J hybrid mouse (acquired courtesy of the Disteche Lab, UW). The maternal 

(C57BL/6J) X chromosome is always the inactive X. To create two diploid maps, we followed 

the procedure described previously (7), using SNPs obtained from the Wellcome Trust Sanger 

Institute to distinguish reads on the different alleles. Of 780,701,963 total reads, we were able to 

phase 117,412,620.  

 



To ensure that differences between the Patski maps and human maps were not due to differences 

in SNP density, we randomly subsampled the Patski SNPs from their original density (1/2000 

bp) to the density we had in our human lines (1/ 90 bp). SNPs that overlapped MboI restrictions 

site were also removed. These maps displayed similar characteristics as the full map, with a large 

superdomain score at Dxz4 (3.2, p-value 6 *10-4) and a large half-correlation length (49 Mb). 

 

In order to ensure that our results were robust to allelic mapping bias, we also created alternative 

phased Patski maps using a different algorithm. We first created a pseudo genome for Mus 

spretus by taking the mm10 genome and changing SNPs at the appropriate locations to their Mus 

spretus variants. We then aligned the Hi-C reads to this genome as well. Each Hi-C contact was 

then phased to its respective map if it aligned unambiguously better to one genome over the 

other. The criterion for phasing was: if the contact only aligned to one of the genomes, it was 

phased to that genome’s map. If the contact aligned to both genomes, we examined if the mapq 

was significantly different to warrant phasing. (We required the mapq of one of the two reads in 

a contact to be 5 or more than the mapq of the corresponding read in the other genome, and the 

mapq of the second read to be equal to or greater than the mapq of that read in the other 

genome). Both reads had to have a mapq greater than or equal to 10. While this approach did not 

exhibit significant allelic mapping bias (Xa map had 88% reads as the Xi map), it was also very 

similar to our original map, and exhibited a large superdomain score at Dxz4 (3.0, p-value 1.5 

*10-3) and a large half-correlation length (11.5 Mb). We therefore used our original Patski map 

for the figures and analyses. 

 

Higher-order Contact Analysis Pipeline. 



In total, we examined 78 published Hi-C libraries from 6 different female cell lines, in addition 

to the GM12878 COLA library. As described previously (7), the Hi-C data pipeline annotates 

Hi-C contacts that map to three or more places in the genome as ambiguously chimeric, and 

these are usually discarded from 2-d contact map analysis. For the current higher order contact 

analysis, we examined these chimeric contacts to create a list of triples, quadruples, and 

quintuples in the genome. Due to the overwhelming contribution of triples as compared to other 

chimeras, further analysis was limited to triples. 

 

In order to ensure that no duplicate triple reads entered the analysis, we first created a ‘pseudo 

genome’, concatenating all of the triple reads. We then used bwa to align each of the individual 

chimeric triples to the pseudo genome. Reads which aligned to multiple places (alpha <= 0.04) 

were discarded as duplicates. 

 

For the most stringent filtering of higher order contacts, we required that all alignments were 

high-quality (MAPQ >10), all loci were on the same chromosome, and that the distance between 

any pair of loci was at least 20 kb. Since DXZ4 and ICCE comprise tandem repeats, this filtering 

strategy threw out most of the relevant reads at these superloop anchors, so we developed a 

second filtering strategy for the superloop collocation analysis. For this analysis, reads with 

MAPQ=0 were included. However, the reads that did not align uniquely but landed on superloop 

anchors were then manually examined to ensure that all alignments fell within the identified 

superloop anchor.  

 



The enrichment analysis of superloop triple data was performed with respect to a global and a 

local expected model, using a Poisson distribution for significance testing. In the global model, 

the expected number of reads was calculated based on the number of triples with anchors 

separated by the same distances as the superloop anchors in question. Since the global model 

does not account for possible biases due to pairwise contacts (for example contacts between any 

three loci will be enriched with respect to a global expected if two loci form a loop), we also 

calculated an expected value based on the local neighborhood of the superloop triple (local 

model), closely following the HiCCUPs strategy described previously (7). 

 

The local model assesses whether the observed enrichment in a 3D voxel can be explained solely 

by a combination of 1D coverage biases and 2D looping biases (increased pairwise interaction 

frequency). This model computes the bias enrichment at site (A,B,C) as fABC such that the 

expected number of reads, EABC, is fABC*M, where M is the mean number of reads in the local 

neighborhood. This model assumes that fABC is composed only of independent 1D and 2D biases: 

fABC = fA*fB*fC*fAB*fBC*fAC  

EABC = fABC *M 

 

We estimate each of the terms on the right hand side as follows. 

 

fA is the 1D bias of A, i.e. the fold enrichment of contacts involving locus A with respect to the 

local mean; this can be estimated by computing the average number of reads found in the plane 

located at A, which we denote as <A>, and dividing this by the local mean. Thus fA ≈<A>/M. 

(And similarly for 1D biases for B and C.)  



 

fAB represents the 2D bias of AB, i.e. the fold enrichment in contacts between pairs of loci A and 

B, above what would be expected based on 1D biases. One is tempted to estimate this by simply 

computing the average enrichment of AB with respect to the mean, which would amount to 

taking the average in the AB line, which we denote as <AB>, and dividing by the local mean. 

However, the enrichment in <AB> is due to a combination of 1D biases of A and B, and an 

independent 2D bias. Similar to the expected number of reads in a voxel based on known biases, 

we consider the expected number of reads for two loci (in the AB line) as 

EAB = fAB *fA*fB *M 

We estimate EAB ≈<AB> and so fAB≈<AB> /( fA*fB *M) ≈<AB>*M/(<A>*<B>). 

  

Combining all terms we find (see Supplementary Figure S4C for visual explanation): 

EABC=fABC *M= <AB>*<BC>*<AC>/( <A>*<B>*<C> )*M. 

 

To compute M, the local mean, we choose either the mean number of reads in the entire cube, or 

the number of reads in the cube’s corner that is closest to the diagonal, based on whichever 

yields a more conservative (higher) value for the expected enrichment. Using this conservative 

estimate we compute an expected number of reads of 0.114 and 0.09 for the ICCE-DXZ4-FIRRE 

and ICCE-x75-DXZ4 triples respectively, amounting to a more than 40-fold enrichment at the 

centers of these local 3D contact tensors (see Supplementary Figure S4D,E). 

 

Contact Map Analyses. 



Map Similarities: To measure map similarities, normalized contact maps were first transformed 

into observed/expected matrices, where the number of contacts in each entry is divided by the 

average number of reads at that distance. Rows which were more than 90% sparse were 

excluded. The two maps were then flattened to a single dimension and log transformed. Pearson 

correlation coefficients were then computed. Using this method we found the RPE1-WT and 

RPE1-ΔDXZ4a maps at 2.5 Mb resolution were highly similar (GW, Pearson r=.99; chrX, 

Pearson r=.98), while RPE1-WT and RPE1-ΔDXZ4i maps at 2.5 Mb resolution exhibited 

significant differences, especially on chrX (GW, Pearson r=.86; chrX, Pearson r=.73). 

 

Compartments: To assign loci to compartments, normalized contact maps were transformed into 

observed/expected matrices. Rows that were more than 90% sparse were masked. We then 

computed the first principal component of this matrix, and mean normalized it. The PC of a map 

which is highly compartmentalized will exhibit entries which are mostly bimodally distributed, 

with loci in the same compartment having similar values in the PC. By using only the sign of the 

entries, each locus can be assigned to one of two compartments. 

 

Compartmentalization Strength: Typically, compartmentalization is observed in maps via the 

appearance of a plaid pattern – a stretch of loci will have one pattern, and then the next stretch 

will have the opposite pattern, and the two patterns will alternate across the length of the 

chromosome. To measure the compartmentalization strength of a map, we examined its principal 

component (computed as described above).  

 



The PC for most maps switches rapidly between bimodal values, while the PC for the Patski Xi 

decays slowly over the superdomains. As one measure of this, we compute the autocorrelation of 

the PC as a function of genomic distance and measure the half correlation distance: the distance 

at which the autocorrelation drops below half of the autocorrelation it achieves at distance zero. 

The PCs of the Xa and Xi in GM12878, RPE1-WT, RPE1-ΔDXZ4a and RPE1-ΔDXZ4i have 

half correlation lengths between 1 and 4 Mb. Similarly in the Patski Xa map, this distance is 1.5 

Mb. However, in the Patski Xi map, the PC has a half correlation length of 30.5 Mb 

(Supplementary Table S5). 

 

Superdomain Strength: To measure superdomain strength, we created the following simple “S” 

metric. A putative superdomain locus defines two superdomains, one to the locus’ left and one to 

the locus’ right, which should have strong boundaries along the chromosome. For a given 

distance i off the diagonal, we measure Si(k), the strength of the kth locus’ two putative 

superdomain boundaries at distance i, by taking the average log-fold enrichment across the two 

(left and right) boundaries, values found in di, the ith diagonal of the contact matrix:  

!! = !"# !! ! − ! − 1 /!! ! − !  
!! = !"# !! ! /!! ! − 1  
!!(!) = !! + !! /2 
 
We obtain the mean superdomain strength for locus k, S(k), by averaging over all distances i. (To 

be robust to sparsity, we examine 500 kb matrices, and exclude rows that are more than 90% 

sparse, which only affects a small percentage of rows. Furthermore, any infinite or nan 

enrichment values are excluded from the mean value calculation.) For a randomly chosen locus, 

the expected value of S(k) is 0, since there should be no enrichment across the putative 

superdomain boundaries.  We quantify the statistical enrichment of S at DXZ4 by computing its 



z-score and p-value, with the mean and standard deviation derived from the S values along the 

remainder of the chromosome. As expected from visual inspection, S is highly enriched in Xi 

maps at DXZ4/Dxz4 relative to other loci, except for in RPE1-ΔDXZ4i, where no superdomain 

enrichment is seen (Supplementary Table S6). 

 

Extrusion Simulations. 

Molecular dynamics simulations were performed using LAMMPS as described in (12) with minor 

modifications. To simulate the entire Xi chromosome, 3400 beads were used, with each bead 

representing 50 kb. A total of 8 extrusion complexes were active in each simulation, and the 

parameters of temperature = 2.0 and tdamp=10 were used. Collapsed structures were simulated in 

300,000 time steps and extrusion was simulated for 800,000 time steps or equivalently 4,000 

extrusion steps. A total of 100 replicates were run. 

 

The probability for an extrusion complex to halt at any given bead was calculated directly from 

Patski Ctcf ChIP-seq data from Berletch et al.,(11) by binning, thresholding, and rescaling as 

described in (12). Note that, because Dxz4 is a variable repeat region, stringent map quality 

filtering will remove ChIP-seq reads at the Dxz4 locus; however, these are correctly mapped to 

the Dxz4 locus, even though their exact position within the locus may be uncertain. To obtain 

accurate statistics for Ctcf binding at Dxz4, we used a stringent map quality filter of 30 for the 

whole X chromosome, except at Dxz4 where no map quality filtering was used. Simulations of 

the Dxz4 deletion were performed with the exact same parameters with the extrusion complex 

halting probability set to 0 at the Dxz4 locus. Because 50 kb regions typically contain multiple 



Ctcf motifs oriented in both a forward and reverse fashion, binding of the extrusion complex at 

each monomer was allowed in a direction-independent manner. 

 

While our original model assumed that extrusion complexes bind indefinitely at CTCF sites, a 

model in which extrusion complexes instead undergo partial arrest would explain the presence of 

large numbers of CTCF binding sites at superloop anchors. To test this, we ran simulations in 

which each extrusion subunit bound to a CTCF site would have a small probability Pcontinue at 

each extrusion step to unbind and continue sliding along the chromatin. When binding was 

sufficiently stable (e.g. Pcontinue <0.0002), the simulated contact maps accurately reproduced 

contact maps from Hi-C experiments (Supplementary Figure S11, (12)). 
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Supplementary Fig. S1: Mouse cells exhibit superloops.  

(A) A superloop between Dxz4 and Xist and between Dxz4 and the mouse ortholog of x75 were 

observed in Patski cells. (B) Examples of direct-labeled DNA FISH for Dxz4 (red) and Firre 

(green) merged with DAPI (grey) are shown for the female Patski cell line as well as male and 

female diploid primary fibroblasts. White bar represents 10 µm. The percentage of nuclei 

showing no, single or double-overlap (where appropriate) of Dxz4 and Firre loci is given in the 

top right of each panel and the location of overlapping FISH signals is indicated by the white 

arrowhead.   





Supplementary Fig. S2: COLA can be used to map higher order contacts. 

(A) 2D contact maps for in situ Hi-C (left), for inferred contacts from chimeric reads from an in 

situ Hi-C library (middle), and for normal reads from COLA (right).  Maps shown for Chr X 

(top) and Chr 1 (bottom) confirm that the three procedures yield comparable data. (Resolution: 

500 kb). (B) In a 2D contact map, a dark stripe appears along the diagonal because loci that are 

close together in 1D tend to form contacts inside the nucleus. In a 3D contact tensor, a similar 

phenomenon occurs. Triple contacts are indexed by (i, j, k). Since there is a preference for loci 

that are near to each other in 1D to form contacts, there is enrichment in the tensor any time two 

of the three loci (i and j, i and k, or j and k) are nearby in 1D. This enrichment manifests as a 

diagonal line in a 2D contact map; analogously, in a 3D contact tensor, the enrichment manifests 

as a diagonal plane. Since there are three types of enrichments (i and j, i and k, or j and k), there 

are three diagonally enriched planes, the superposition of which creates the hyperstar.  





Supplementary Fig. S3: Superloop trios are locally enriched. 

 (A) All of the individual 2D slices of the cube in Fig. 3A, a small region from the 3D contact 

tensor of the X chromosome centered on ICCE, DXZ4, and FIRRE. Only slices containing the 

superloop trio show enrichment (highlight). (B) All of the individual 2D slices of the cube in 

Supplementary Fig. 4A, a small region from the 3D contact tensor of the X chromosome 

centered on ICCE, x75, and DXZ4.  Only slices containing the superloop trio show enrichment 

(highlight).  





Supplementary Fig. S4: The ICCE-DXZ4 and x75-DXZ4 superloops tend to occur 

simultaneously, forming a hub on Xi. 

(A) Examination of a small region from the 3D contact tensor of the X chromosome, centered on 

ICCE , x75, and DXZ4, reveals a peak relative to the local neighborhood. Six contacts are seen in 

the (300 kb)3 voxel (i.e., 3D pixel) corresponding to simultaneous co-location of all three loci. 

There are over 2000 other (300 kb)3 voxels in the region shown; the number of contacts in each 

is indicated by the color. Of these voxels, one contains 3 contacts, 9 contain 2 contacts each, 116 

contain 1 contact each, and over 2000 voxels contain no contacts. (B) The average frequency of 

contact in various local neighborhoods surrounding the ICCE-x75-DXZ4 peak. The peak is 

strongly enriched with respect to every model. (C) A schematic derivation of the expected 

number of reads in the center of a 3D tensor according to the local model. (D and E) The 

expected number of reads for ICCE-DXZ4-FIRRE (D) and ICCE-x75-DXZ4 (E) triples based on 

the local model. Both donut and corner mean-based estimates are shown. For further analysis we 

choose the more conservative (the higher) of the two values for each respective triple.  





Supplementary Fig. S5: Deletion of DXZ4 interferes with chromatin organization on Xi and 

replication timing of the underlying DNA. 

 (A) Indirect immunofluorescence showing the distribution of H3K27me3 (green) at metaphase 

Xi in RPE1; DAPI shown in blue. (B) Indirect immunofluorescence showing the distribution of 

H3K27me3 (green) at metaphase Xi in three independent RPE1-ΔDXZ4i clones (1-3); DAPI 

shown in blue. The white arrowhead indicates the location of the DXZ4-proximal H3K27me3 

band in RPE1 cells and its absence in the DXZ4 mutants. (C) Indirect immunofluorescence 

(H3K9me3, green) combined with direct immunofluorescence (H3K27me3, red) showing 

H3K9me3 occupation of the former DXZ4-proximal H3K27me3 band on RPE1-ΔDXZ4i Xi. (D) 

Metaphase Xi from RPE1 and RPE1-ΔDXZ4i showing the pattern of EdU incorporation. The 

white arrowhead indicates the location of the DXZ4-proximal H3K27me3 band that is labeled by 

EdU in RPE1-ΔDXZ4i but not RPE1.  





Supplementary Fig. S6: A single TALEN pair targeting an inverted repeat that flanks 

DXZ4 can excise the DNA between the two sites, as can a pair of gRNAs that flank DXZ4. 

 (A) At the top is a schematic representation of the genomic interval including the DXZ4 locus. 

The main DXZ4 array is represented by the black box with left facing arrows. The break within 

the array represents copy number variation between DXZ4 alleles. The white boxes with right 

facing arrows indicate the location of sequences with inverted homology to DXZ4. The location 

of the inverted repeat to which the TALENs were designed is represented by the inward facing 

arrowheads at either end of the schematic. The inverted repeat shares 80% DNA sequence 

identity over 1486 bp. TALEN pairs were designed to an identical sequence within the proximal 

and distal inverted repeat and the target sequence and repeat variable domain composition of the 

TALEN pair is shown. The DNA sequence recognized by the TALENs is highlighted by the 

peach color. The alignment of the carboxyl-terminal FokI nuclease domain within the spacer 

region is represented by the jagged-teeth. Immediately to the right the TALEN schematic are 

maps of the proximal and distal repeat showing the location of where the TALENs bind (blue-

box) and the location of primers that flank the TALEN binding sites that are unique to the 

proximal or distal copy of the inverted repeat. Confirmation of activity for the TALENs at the 

proximal and distal inverted repeat is shown in an inverted image of an ethidium bromide stained 

agarose gel using the Surveyor heteroduplex assay. Insertions/deletions are indicated by the 

arrowhead and black bar to the right of each image. Samples include mock-transfected cells and 

cells transiently transfected with the TALEN pair. (B) Schematic map of the DXZ4 interval as in 

part-A, showing the location of the primer pairs used in the deletion assay (PCR-1 and PCR-2). 

At the bottom is an inverted image of an ethidium bromide stained agarose gel showing the 

results of PCR-1 and PCR-2 in cells mock-transfected or transfected with the TALEN pair and 



grown at 30oC or 37oC before harvesting cells and isolating DNA. Heterogeneity in PCR product 

size for DXZ4 excision represents multiple independent cutting events generating different sized 

repaired chromosomal intervals by non-homologous end joining. PCR products were TA cloned 

and sequence verified (data not shown). (C) Schematic map of the DXZ4 interval as in part-A, 

showing the location of the CRISPR gRNA targets as well as SNP rs2301953. The location of 

the primer pair used in the deletion assay (PCR-3) is indicated. At the bottom is an inverted 

image of an ethidium bromide stained agarose gel showing the result of PCR-3 in cells mock-

transfected or transfected with the CRISPR gRNA pair.   





Supplementary Fig. S7: FISH validation of DXZ4 deletion clones. 

 (A) Metaphase chromosome spreads of RPE1 (left), RPE1-ΔDXZ4a (middle) and RPE1-

ΔDXZ4i (right) stained with DAPI (grey) merged with direct-labeled DNA FISH signals for 

DXZ4 (red) and either the PLS3 or FIRRE locus (green). Xa is readily identifiable by the X:10 

translocation at the tip of Xq28 substantially increasing the length of the long arm. Xa and Xi are 

indicated. (B) Schematic map of human X (coordinates hg19: 114,957,076-114,960,075) 

showing the location of SNP rs2301953 relative to the proximal CRISPR gRNA and the edge of 

DXZ4. The region PCR amplified is indicated. (C) DNA sequence traces for RPE1 as well as 

TALEN treated (1) and CRISPR treated (2) RPE1 clones. SNP rs2301953 is indicated: C/G in 

RPE1, C on Xa and G on Xi.  





Supplementary Fig. S8: Characterization of Xa and Xi RPE1 deletion clones. 

 (A) Schematic representation of the DXZ4 genomic interval as in Supplementary Figure S6. 

Above the interval map is the location of the two PCR primers (black inward facing arrows) used 

to amplify across the deletion. To the right is an ethidium bromide stained agarose gel image 

showing the result of the PCR for parental RPE1 and the Xi and Xa deletion clone. (B) The 

nature of Xa and Xi deletion mutations generated using TALENs. Beneath the schematic the 

inverted repeat regions are expanded to show the simultaneous binding of the TALEN pair at the 

proximal and distal target sites on the uncut RPE1 genomic locus. Beneath this is the sequence of 

the deletion break point for the Xa and Xi mutant and the extent of the deletion based on the 

DXZ4 allele size. For the Xa mutant, the deletion was accompanied by a 376 bp insertion of part 

of the TALEN expression vector. (C) The nature of Xa and Xi deletion mutations generated by 

CRISPR. At the top is the sequence immediately surrounding the proximal and distal gRNA 

target sites (highlighted sequence). Highlighted is the location of the PAM sequence, as is the 

Cas9 cutting site. Immediately below this is the extent of the deletion. The exact same deletion 

was identified in 2 independent Xi deletion clones and 3 independent Xa deletion clones. (D) 

Sizing of the DXZ4 alleles on Xa and Xi of RPE1 by pulsed field gel electrophoresis (PFGE). 

Below the schematic map is a restriction map indicating the location of all XbaI restriction 

endonuclease recognition sequences throughout the DXZ4 genomic interval. The location of the 

probe used for hybridization to the PFGE Southern blot is indicated by the black bar. XbaI does 

not cut within the array and therefore it is excised intact as a single migrating fragment of a size 

that corresponds to the copy number of the individual 3.0 kb DXZ4 repeat units. At the bottom is 

an image of an ethidium bromide stained agarose PFGE gel showing XbaI digested DNA for 

parental RPE1 and a somatic cell hybrid that contains the RPE1 Xa as its only human DNA 



component. To the right is a Southern blot indicating the size of the DXZ4-positive fragment/s in 

the samples indicated.  





Supplementary Fig. S9: ICCE-FIRRE contact in RPE1 and cells lacking DXZ4 on Xa or 

Xi.  

(A) Examples of ICCE-FIRRE contact or no contact at Xi in RPE1 cells. Images show anti-

H3K4me2 immunofluorescence (blue) combined with ICCE (red) and FIRRE (green) direct-

labeled FISH. The top panel shows examples of Xi-specific contact and the lower panel showing 

no contact. The location of the DXZ4 signal within the Xi territory is indicated in the first image 

with the white arrowhead. The location of Xi is determined by the hypo-H3K4me2 pattern. (B) 

Summary of Xa v Xi ICCE-FIRRE contact in replicate experiments on RPE1, RPE1-ΔDXZ4a 

and RPE1-ΔDXZ4i cells. (C) We performed Aggregate Peak Analysis (7) at 50 kb resolution on 

the list of Xi superloops from (7), but excluded all superloops which involved DXZ4. The 

enrichment aggregated over all loops is not diminished after deletion of DXZ4 from Xi.  





Supplementary Fig. S10: Analysis of Xi transcription in RPE1 deletion clones.  

 (A) Examples of scoring procedure. Escape or non-escape is determined by comparing the 

RNA-FISH signal from a gene of interest (green) to the signal from XIST (red), which coats Xi. 

White arrows indicate the Xi allele; white arrowheads indicate Xa. (B) Percentage of cells with 

expression of the indicated gene from Xi. Each data point is derived from between 100-140 

nuclei comprising two replicate RNA-FISH experiments (Supplementary Table S4). Standard 

deviations are shown.  





Supplementary Fig. S11: Partially arresting extrusion complexes recapitulate contact 

maps. 

Contact map for molecular dynamics simulations of a region in GM12878 (top) accurately 

recapitulates the experimental Hi-C contact map of the same region (bottom). In these 

simulations, based on (12), extrusion complexes undergo partial arrest at CTCF binding sites, 

allowing a small probability of unbinding (~1 in 5000) at each step. Extrusion binding 

probabilities are derived directly from GM12878 CTCF ChIP-seq data (top). The small symbol 

in the upper right corner of the top map indicates that this map was generated in silico, whereas 

the symbol in the top right corner of the bottom image indicates that this map was generated 

from experimental data. 

  





Supplementary Fig. S12: Comparison of phased murine Hi-C maps. 

Xi (left) and Xa (right) maps are shown at 500 kb resolution for 4 different murine libraries: (A) 

our Patski data, (B) Deng et al. Patksi, (C) Deng et al. brain, and (D) Minajigi et al. fibroblast. 

The Xi in Patski and fibroblast cells do not exhibit plaid patterning, while weak 

compartmentalization is seen in the brain cells. 
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Table	S2:	3-color	DNA	FISH	data	set	
	
GM12878	(46,XX)	
	

	
Slide	

	
No	
allele	
contacts	

	

	
1x	

allele	
FIRRE	&	
ICCE	
only	

	
Both	
alleles	
FIRRE	&	
ICCE	

	
1x	

allele	
DXZ4	&	
ICCE	
only	

	
Both	
alleles	
of	DXZ4	
&	ICCE	

	

	
1x	

allele	of	
DXZ4	&	
FIRRE	
Only	

	
Both	
alleles	
of	DXZ4	
&	FIRRE	

	
1x	

allele	
each	of	
DXZ4,	
FIRRE	&	
ICCE	
	

	
Both	
alleles	
of	

DXZ4,	
FIRRE	&	
ICCE	

	
1	

	
29	

(56%)	
	

	
0	

(0%)	

	
0	

(0%)	

	
6	

(11%)	

	
0	

(0%)	

	
5	

(10%)	

	
0	

(0%)	

	
12	

(23%)	

	
0	

(0%)	

	
2	
	
	

	
39	

(66%)	

	
0	

(0%)	

	
0	

(0%)	

	
0	

(0%)	
	

	
1	

(<2%)	

	
13	

(22%)	

	
1	

(<2%)	

	
5	

(8%)	

	
0	

(0%)	

	
GM6992	(46,XY)	
	

	
Slide	

	
No	

contacts	
	

	
Contact	
FIRRE	&	
ICCE	
only	

	
Contact	
DXZ4	&	
ICCE	
only	

	
Contact	
DXZ4	&	
FIRRE	
Only	

	
Contact	
of	

DXZ4,	
FIRRE	&	
ICCE	
	

	
1	

	
107	
(96%)	

	
	

	
1	

(<1%)	

	
2	

(2%)	

	
2	

(2%)	

	
0	

(0%)	

	
2	
	
	

	
102	
(95%)	

	
0	

(0%)	

	
0	

(0%)	

	
5	

(5%)	

	
0	

(0%)	

	



Table	S3:	X-linked	gene	expression	changes	by	RNA-Seq	
	

Gene	
	

Coordinates	(hg19)	 Ensembl	identifier	 Log	fold	
change	

	
	

PLCXD1	
	

	
200401-207424	

	
ENST00000448477	

	
-2.927	

PPP2R3B	
	

308346-334779	 ENST00000381625	 -6.255	

ZBED1	
	

2404455-2419008	 ENST00000381223	 4.862	

FRMPD4	
	

12156585-12742642	 ENST00000380682	 9.148	

TRAPPC2	
	

13733656-13752664	 ENST00000519382	 -5.061	

TRAPPC2	
	

13730363-13752754	 ENST00000359680	 -6.547	

SPANXC	
	

140335596-140336629	 ENST00000358993	 7.603	

SPANXD	
	

140785568-140786896	 ENST00000370515	 6.323	

MAGEC1	
	

140991680-140997174	 ENST00000285879	 6.226	

HAUS7	
	

152713124-152736089	 ENST00000370211	 -5.171	

TREX2	
	

152713336-152736045	 ENST00000370212	 5.639	

	



Supplem
entary	Table	S4:	RN

A	FISH
	data	set	

		
	

Escape	genes	
	

	
	
	
	
	

Subject	genes	
	
	

	
	

Gene	
	

ZFX	
UTX	

CD
K16	

JARID
1C	

M
ORF4L2	

CH
M
	

AM
M
ECR1	

TM
EM

164	
STAG2	

SH
3BGRL	

SUH
W
3	

G6PD
	

RPE1	
		

48/51	
40/53	

16/52	
26/51	

2/51	
0/49	

0/53	
1/52	

1/50	
2/54	

1/51	
4/53	

			

43/52	
40/53	

16/50	
33/67	

4/55	
2/64	

1/55	
4/54	

1/53	
0/51	

0/50	
4/53	

RPE1	
ΔD
XZ4i	

(1)	

49/50	
32/53	

20/53	
30/51	

4/51	
13/60	

6/51	
7/51	

1/51	
3/54	

7/50	
3/50	

			

49/53	
43/52	

7/51	
25/50	

5/60	
21/80	

12/53	
3/50	

1/51	
9/55	

2/52	
3/51	

RPE1	
ΔD
XZ4i	

(2)	

59/63	
14/50	

7/54	
7/61	

2/61	
1/50	

2/51	
4/56	

2/54	
0/58	

1/53	
0/60	

			

56/57	
18/50	

3/52	
11/57	

1/56	
1/50	

0/55	
1/55	

0/57	
0/61	

2/55	
0/54	

RPE1	
ΔD
XZ4i	

(3)	

48/50	
29/61	

16/56	
10/51	

3/53	
2/50	

4/50	
2/51	

0/53	
0/50	

0/54	
0/57	

			

52/54	
35/55	

10/51	
27/52	

3/52	
2/50	

0/50	
2/56	

0/57	
1/59	

1/57	
5/57	

	



Table	S5:	PC	half-correlation	lengths	

	
	
Phased	Map	(500kb	Resolution)	 Half	Correlation	Length	(Mb)	
GM12878	Xa	 2	
GM12878	Xi	 1	
RPE1-WT	Xa	 1	
RPE1-WT	Xi	 4	
RPE1-ΔDXZ4a	Xa	 1	
RPE1-ΔDXZ4a	Xi	 4	
RPE1-ΔDXZ4i	Xa	 1	
RPE1-ΔDXZ4i	Xi	 2.5	
Patski	Xa	 1.5	
Patski	Xi	 30.5	
*Deng	et	al.,	Patski	Xa	 1.5	
*Deng	et	al.,	Patski	Xi	 11.5	
*Deng	et	al.,	Brain	Xa	 1	
*Deng	et	al.,	Brain	Xi	 10	
*Minajigi	et	al.,	Fibroblast	Xa	 14	
*Minajigi	et	al.,	Fibroblast	Xi	 17.5	
*	External	Dataset	with	fewer	reads	



Table	S6:	Superdomain	strengths	at	DXZ4/Dxz4	

Map	(500kb	resolution)	
	

zscore	S(DXZ4)	
	

p-value	
	

GM128787	paternal	(Xi)	
	

3.335042138	
	

0.000426432	
	

GM128787	maternal	(Xa)	
	

0.185232799	
	

0.426523222	
	

RPE-	WT	maternal	(Xi)	
	

5.383512771	
	

3.65E-08	
	

RPE1-WT	paternal	(Xa)	
	

1.056132642	
	

0.14545381	
	

RPE1-delXa	maternal	(Xi)	
	

5.702490939	
	

5.90E-09	
	

RPE1-delXa	paternal	(Xa)	
	

1.603290905	
	

0.054435222	
	

RPE1-delXi	maternal	(Xi)	
	

-0.851431816	
	

0.802735238	
	

RPE1-delXi	paternal	(Xa)	
	

-1.515800698	
	

0.935215122	
	

Patski	maternal	(Xi)	
	

4.990979361	
	

3.00E-07	
	

Patski	(alt)	maternal	(Xi)	
	

2.959590171	
	

0.001540243	
	

Patski	paternal	(Xa)	
	

0.488609493	
	

0.312559095	
	

Patski	(alt)	paternal	(Xa)	
	

0.484738465	
	

0.313930939	
	

rhesus	macaque	
	

3.173150546	
	

0.000753972	
	

	


